Text: 4282 words Pastoralist communities are notoriously difficult to capture in household surveys due to factors including their high degree of mobility, the remote terrain they inhabit, fluid domestic arrangements, and cultural barriers. Most surveys utilize census-based sampling frames which do not accurately capture the demographic and health parameters of nomadic populations. As a result, pastoralists are largely "invisible" in population data such as the Demographic and Health Surveys (DHS). By combining remote sensing and geospatial analysis, we developed an alternative sampling strategy designed to capture the current distribution of nomadic populations.
Introduction 1 2
Nomadic pastoralists defy some of the most basic premises of household demographic surveys : 3 namely, that individuals are attached to a geographically stable household, and that this 4 household represents a relatively fixed domestic unit. 1 By contrast, pastoralist settlements are 5 often highly mobile, moving over large areas of remote terrain with herds of cattle and caprines 6 on which they subsist. 2 Their domestic arrangements are similarly fluid, as family members 7 reside in different geographic locations to manage their livestock. Combined with the dispersed 8 distribution of their encampments and cultural barriers, these mobility patterns make surveying 9
nomadic pastoralists a notoriously difficult enterprise. 10 
11
Despite being some of the most underserved populations in Sub-Saharan Africa, 3 nomadic 12 pastoralists are among the least represented in the population data used to plan health 13 interventions. 4 Large-scale household surveys such as the Demographic and Health Surveys 14 (DHS) Program conventionally use census-based sampling frames, which magnify and 15 institutionalize the issue of mobile pastoralists' under-enumeration in the original census. Such 16 strategies result in the "statistical invisibility" of nomadic populations. 1 A lack of accurate data 17 prevents anything but speculative estimates of the global population of mobile pastoralists, 18 though numbers ranging from 50 to 217.5 million have been put forth. 4, 5 Pastoralists across the 19 globe face stressors that threaten their health and livelihoods including ecologic disruptions, 20 large-scale development projects, conflict, and protracted humanitarian crises. With mounting 21 concerns about emerging zoonotic pandemic disease, it is critical to find logistically feasible 22 ways of including nomadic populations in health surveillance systems. 23 Diverse methodological approaches to achieving representative samples of mobile populations 25 have been tested, including a "waterpoint approach" in which data is collected at waterholes; 6 a 26 capture-recapture transect approach similar to that used to monitor wildlife; 7 random geographic 27 cluster sampling; 8 and the use of mobile phones. 9 Many of the approaches explored in these 28 studies have been limited by logistical obstacles and do not lend themselves to being scaled and 29 integrated into standardized large-scale data collection exercises such as the DHS. 30
31
Geospatial methods present new opportunities for sampling mobile pastoralists, and have been 32 employed with sedentary populations 10, 11 as well as at the single-village level. 12 However, 33 geospatial methods have not been used to develop and implement sampling frames at a scale that 34 could be integrated with existing national health surveillance systems. In this study, we develop 35 and assess the utility and feasibility of a geospatial sampling frame to administer household 36 surveys to mobile pastoralists in a remote region of Ethiopia. 37 38
Materials and Methods 39 Study Site and Population 40
The Nyangatom are nomadic pastoralists numbering approximately 25,000 individuals. 13 Next, we clustered settlements using an iterative method by generating Thiessen polygons from a 84 randomly distributed array of 15 points. We then based our sampling design on these clusters 85 using a two-stage cluster survey design. We constructed 15 primary sampling units (PSUs) 86 covering the entire survey area. The PSUs were developed using geospatial data that included the 87 location of villages and dwellings allowing us to infer the population density in specific areas, as 88 well as by using supportive information about natural or man-made boundaries (e.g., rivers, 89 roads). A sample of three of these units was then selected with probability proportional to size 90 sampling (PPS) based on the number of dwellings identified in the geospatial data. Lastly, we 91 carried out a field survey in the selected units. We conducted in-person interviews on maternal 92 and child health with women of reproductive age who reported having a birth at any time during 93 the five years preceding the survey, and collected anthropometric data for the three youngest 94 children aged 0-15 for each woman in our sample. Our survey instruments were developed using 95 questionnaires from the most recent Ethiopian Demographic and Health Survey (EDHS For mothers in our sample we report marriage indicators including marital status, number of 123 wives, and wife order in polygynous marriages. We calculated fertility indicators based on the 124 number of live births and miscarriages per woman, as well as data on subsequent deaths of 125 children. We also collected data on MCH indicators including antenatal care (ANC) visits, 126 services delivered during the ANC visit, location of child birth, vaccination coverage, and 127 autonomy of women to seek health services, among others (full questionnaire in SI Appendix). 128
Consistent with the DHS program, we collected information on treatment-seeking behavior for 129 symptoms of diarrhea, fever, and cough among under-five-year-old children. 130
131
Raw height and weight measures were converted to age-and sex-specific z-scores represented by 132 standard deviation (SD) units by using the WHO child growth standards. 16 We constructed three 133 indicators of anthropometric failure, defined using z-scores less than -2 SD of the median 134
Height-for-Age (HAZ) for stunting, Weight-for-Age (WAZ) for underweight, and Weight-for-135
Height (WHZ) for wasting. Severe anthropometric failure was defined on the basis of z-scores 136 less than -3 SD of the respective anthropometric scores. Mid-upper arm circumference (MUAC) 137 was also measured (cm) for children aged 6-59 months and used as an alternative assessment to 138 identify Severe Acute Malnutrition (SAM), defined for infants/children with a MUAC<11.5cm 16 
(see SI Methods). 140

Results
142
We interviewed 342 women reporting having given birth during the five years preceding the 143 survey. Maternal age was not recorded because the Nyangatom do not keep track of their own 144 age; however, we assumed a reproductive range of 15-49 years. 145 their most recent pregnancy. The majority of women in our sample who had given birth to a 178 child under five years of age at the time of the study did so at their home or another home 179 (91.2%, 95% CI: 61.3-98.6%), and in a health facility or clinic in only 6.8% (1.0-36.3%) of all 180 deliveries. In comparison, the 2016 EDHS found that 72.5% of women in the region delivered at 181 home, and in a health facility or clinic for 25.5% of all deliveries. See SI Table 2 order to obtain money when they themselves did not possess money for transportation to the 206 clinic or services at the clinic. A lack of alternative arrangements to care for livestock and 207 domestic labor was cited by respondents as a major barrier to care (Table 2) . 208 
217
Children's Health 218
We collected health and anthropometric information from 826 of the under-15-year-old children 219 in our sample (see SI Methods). Our final analytic sample was comprised of 547 under-five-220 year-old children, including 262 male children and 285 female children (Table 3) . 221 her child had received (SI Table 3 ). 241
Treatment for Symptoms of Infectious Disease in Children 243
Nyangatom women in our sample sought health treatment for their children under five years of 244 age at rates similar to national samples. For instance, in cases of children's diarrheal illness, 245 49.6% (95% CI, 32.7-66.4) of Nyangatom mothers whose children had diarrhea in the past two 246 weeks sought treatment compared to 47.8% regionally. 46.6% of Nyangatom mothers whose 247 children had febrile illness in the two weeks preceding the survey date sought treatment for their 248 child's sickness, compared to 36.7% regionally. Of mothers who sought treatment for their 249 child's illness, the majority visited a health clinic (65.2% for diarrheal illness and 62.4% for 250 febrile illness) rather than a traditional provider (32.2% for diarrheal illness and 32.6% for febrile 251 illness). See SI Table 4 for complete summary statistics on treatment-seeking. 252
253
Anthropometric Data 254
Estimates of HAZ/stunting, WAZ/underweight, and WHZ/wasting were based on samples 255 comprising 339, 190, and 182 under-five-year-old children, respectively (see SI Methods). Mid-256 upper arm circumference (MUAC) measurements were recorded for 339 children aged 6-59 257 months. Nutritional status was favorable among Nyangatom children in comparison to rural data 258 from the 2016 EDHS. This finding was most significant with respect to WHZ/Wasting. 13.3% of 259 under-five-year-old children in our sample met criteria for wasting compared to 24.8% from the 260 2016 rural EDHS, and only 1.1% met criteria for severe wasting compared to 7.3% of children in 261 the 2016 rural EDHS (Figure 3) . The lower prevalence of stunting and wasting observed among 262 our sample as compared to the 2016 DHS calculated using height and weight measurements was 263 consistent with our finding that very few children (2.1%) met the criteria for severe acute 264 malnutrition (SAM), calculated using MUAC. See Table 4 for complete results on stunting,  265 wasting, and other anthropometric data. 266 
288 289
Discussion 290
Our results demonstrate that geospatial sampling frameworks can be used to construct 291 representative samples of nomadic populations in a logistically feasible, cost-sensitive manner. 292
Our approach was designed to overcome the limitations of conventional sampling frames, which 293 contribute to the exclusion of nomadic groups in survey data by failing to take into account these 294 populations' mobility. Previous studies found that dispatching survey personnel without first determining the 305 inhabitance status of randomized geographic regions proved logistically infeasible. 8 By 306 enumerating currently inhabited settlements in advance, we were able to assess active population 307 distributions to generate density estimates in a remote, difficult-to-access area. We then 308 demonstrated the logistical feasibility of geospatial sampling for collecting population-level data 309 through our field validation. This method may be a promising alternative for use in pastoralist 310 regions, with the potential to increase the representation of mobile populations in health 311 surveillance data. free of charge at the local health clinic combined with the opening of a road through the region 317 increasing access to transportation, may explain this trend. Our finding that, under certain 318 conditions, pastoralist women seek treatment at health facilities at rates comparable to regional 319 non-pastoralist populations counters narratives that pastoralists tend to underutilize health 320 services because of cultural beliefs or preferences for traditional healers. 17 At a minimum, our 321 findings suggest that such reports cannot be extrapolated to characterize the health-seeking 322 behavior of pastoralist populations in general. 323 324 Despite higher ANC-seeking rates, skilled birth attendance (SBA) was significantly lower 325 The vast majority of our respondents did not retain possession of their vaccination cards, even 344 when these documents had been provided to them, or produced documents that were unreadable 345 due to weathering from dirt and mold. As a result, mothers were not able to furnish definitive 346 documentation of full immunization coverage for any of the children in our sample. However, by 347 mothers' recall, these findings are consistent with other reports of low rates of vaccination 348 coverage among pastoralists populations in other regions. [18] [19] [20] 349 350 Ethiopia's National Expanded Programme on Immunization has identified pastoralists as the 351 predominant population at risk for missing immunization services. 21 Many respondents in our 352 sample reported that their children missed vaccination events while residing in a different area 353 than where coverage was provided. These accounts are similar to those of Fulani pastoralists in 354 Nigeria, the majority of whom reported they were missed by supplementary immunization 355 activities during an oral polio vaccination campaign due to absence of the child at the time of 356 health workers' visit. 22 Such studies provide support for the argument that sampling bias may 357 lead to substantial inaccuracies in estimates of vaccination coverage, 23 and suggest that even 358 mobile vaccination programs may be insufficient if they are not informed by detailed knowledge 359 of seasonal transhumance patterns. 360
361
Our findings suggest that conventional and dominant narratives of factors preventing pastoralist 362
women from seeking health care may require further consideration. Among our study population, 363 money, women's empowerment, and distance to a health facility do not appear to be as 364 significant an impediment to seeking care as insecurity and the largely neglected issue of 365 domestic labor. Subsistence livelihoods rely on intensive daily labor from female household 366 members, such as milking and watering livestock, and collecting firewood and water. While for 367 urban populations lack of access to money may be a major impediment, among pastoralists, the 368 requirements of household labor may be more significant. Likewise, living in a patriarchal 369 society such as that of the Nyangatom cannot in and of itself be interpreted to mean that 370 obtaining permission from husbands is a significant barrier to care. This finding differs from 371 previous studies reporting that men's control over health care decisions is a primary barrier to 372 care for pastoralist women. 20, 24 Although the women in our sample usually needed to obtain their 373 husband's permission to seek care, the vast majority (97%) said that their husband granted them 374 permission all of the time, and that therefore obtaining his permission was not a barrier to care. 375 Nyangatom children had a lower prevalence of severe acute malnutrition (SAM) and stunting 377 compared to national averages. Though we believe that these results represent adequate 378 nutritional status of the pastoralist children in our sample, the issue of survivorship remains a 379 possibility if undernourished children do not survive to appear in our sample. For children above 380 approximately 6 months, our results are consistent with findings from previous research 381 demonstrating that settled children may have poorer nutritional status, attributed to the decreased 382 access to milk and animal products associated with a sedentarized diet, even when total caloric 383 intake may be greater. 25, 26 There may be variability between populations, as other studies have 384 found children of nomadic families to have unfavorable nutritional status compared to sedentary 385 counterparts. 19, 27 These findings underscore that arguments for sedentarization premised on 386 improvements in childhood nutritional status (often put forward by development agencies, 387 national governments, and non-governmental organizations) should be based on rigorous and 388 systematically sampled data. 26 An additional salient finding of our study concerned the misuse of 389 veterinary medicine for self-treatment. Numerous mothers reported administering livestock 390 medicine to their children, including the use of injectable cattle ivermectin applied directly to the 391 eyes for pediatric ophthalmic illness, and veterinary oxytetracycline as an orally administered 392
antitussive. This potentially concerning practice merits further research. 393
394
The limitations of this study highlight several challenges inherent in surveying pastoralist 395 populations that are not typically encountered in survey work. First, Nyangatom women in our 396 study population were generally unable to accurately date events and ages. As a result, it was 397 necessary to impute ages for a number of children in our sample, with a potential impact on 398 indicators depending on children's precise age. Second, the domestic labor schedules of our 399 participants severely constrained both the hours during which it was feasible to collect data as 400 well as participants' susceptibility to survey fatigue, limiting the length of our survey. During 401 data collection, women were occupied chasing birds away from their fields, and often left their 402 villages before dawn to do so. For similar reasons, we were unable to interview household heads, 403 who herded cattle during the day and were rarely present in the same location as the women 404 to occur when settlements are at their largest size, often during the wet season in order to avoid 418 missing inhabitants of livestock encampments widely dispersed across remote grazing territory 419 in times of scarcity 25 . Second, alternative record-keeping systems for immunizations should be 420 developed and implemented with pastoralists. It is not feasible to expect that nomadic 421 households will retain these documents, nor that paper cards will weather exposure to the 422 elements incurred during frequent migrations. 
